) and a relatively high K m for Ca 2+ . The cDNA for mung bean Ca 2+ /H + antiporter (VCAX1) codes for a 444 aminoacid polypeptide. Two peptide-specific antibodies of the antiporter clearly reacted with a 42-kDa protein from vacuolar membranes and a cell lysate from a Escherichia coli transformant in which VCAX1 was expressed. These observations directly demonstrate that a low-affinity, high-capacity Ca 2+ /H + antiporter and a high-affinity Ca 2+ -ATPase coexist in the vacuolar membrane. It is likely that the Ca 2+ /H + antiporter removes excess Ca 2+ in the cytosol to lower the Ca 2+ concentration to micromolar levels after stimuli have increased the cytosolic Ca 2+ level, the Ca 2+ -ATPase then acts to lower the cytosolic Ca 2+ level further.
Keywords: Ca 2+ transport; cloning; membranes; signal transduction.
The Ca 2+ ion is an extremely common second messenger, and a transient increase in the cytosolic free Ca 2+ concentration ([Ca 2+ ]cyt) plays a central role in signal transduction in plant cells [1, 2] . Transient elevation or waves of [Ca 2+ ]cyt have been observed in plant cells in response to external or internal stimuli, such as phytohormones, sugar, cold shock, heat shock, touch, hypo-osmotic shock and Rhizobium nodulation. These stimuli raise [Ca 2+ ]cyt by several micromoles. Transient increases in [Ca 2+ ]cyt have been assumed to control a variety of cellular processes through the modulation of regulatory enzymes, for example Ca 2+ -dependent protein kinase and phospholipase. A low level of cytosolic Ca 2+ , <0.1 mm, is essential for Ca 2+ -mediated intracellular signaling and is sustained by the export of Ca 2+ from the cytosol into the lumen of the endoplasmic reticulum (ER), vacuole and extracellular space [1] . Release of Ca 2+ from these intracellular and extracellular Ca 2+ stores is controlled in response to specific stimuli through Ca 2+ -permeable ion channels [2±4] . Plastids and mitochondria also possess the ability to accumulate Ca 2+ , but are not able to regulate [Ca 2+ ]cyt. The vacuole serves as a primary pool of Ca 2+ in plant cells. The central vacuole in a mature cell occupies 80±90% of the whole cell volume and accumulates Ca 2+ in the millimolar range [1, 5] . The quantity of Ca 2+ stored in a vacuole is deduced to be the highest among intercellular Ca 2+ stores, such as the ER, mitochondria and chloroplasts. The Ca 2+ concentration gradient between cytosol and vacuole can become <10 000-fold. The plant cell has two active Ca 2+ 
MATERIALS AND METHODS

Materials
Mung bean (Vigna radiata cv. Wilczek) seeds were germinated in 1 mm CaSO 4 at 26 8C for 3.5 days in the dark. A23187 and carbonyl cyanide m-chlorophenylhydrazone (CCCP) were bought from Sigma. Bafilomycin A 1 , diltiazem and sodium vanadate were bought from Wako Pure Chemical (Osaka, Japan). All other products used were of analytical grade.
Membrane preparation
Vacuolar membranes were isolated from the hypocotyls of etiolated seedlings as described previously [24] . For the calcium transport assay, the membranes were suspended in 5 mm Mes-Tris, pH 7.2, 0.25 m sorbitol and 0.5 mm dithiothreitol (buffer A) containing 0.1 m KCl, and then centrifuged at 150 000 g for 30 min. The precipitate was resuspended in buffer A and used as vacuolar membrane vesicles. PMs were isolated from a crude microsomal fraction using aqueous polymer two-phase partitioning [25] . For further purification, the obtained PM fraction was diluted with three volumes of 20 mm Tris/acetate, pH 7.2, 1 mm dithiothreitol (buffer B) containing 0.25 m sucrose, and then loaded onto a 32/43% (w/w) sucrose step gradient made up in buffer B. After centrifugation at 180 000 g for 1 h, the interface portion between 32/43% sucrose solutions was collected and diluted with buffer B containing 0.25 m sorbitol. The suspension was centrifuged at 200 000 g for 1 h, and the precipitate was then suspended in buffer A. To prepare the inside-out vesicles, membranes were frozen in liquid nitrogen and thawed at 20 8C twice prior to the Ca 2+ transport assay [26] . An ER-enriched fraction was prepared according to Lord [27] with a few modifications. A post-mitochondrial fraction was loaded onto a 20/30% (w/w) sucrose step gradient made up in 20 mm Tris/acetate, pH 7.5, 1 mm EGTA and 2 mm dithiothreitol (buffer C), and then centrifuged at 80 000 g for 2.5 h. The interface between the two solutions was collected and diluted with buffer C containing 0.25 m sorbitol. Membrane vesicles were precipitated by centrifugation at 150 000 g for 30 min, and then suspended in the same buffer. The suspension was loaded onto a 10±45% (w/w) sucrose linear gradient made up in buffer C containing 5 mm MgCl 2 , and then centrifuged in a swinging bucket rotor at 80 000 g for 2.5 h. The phase formed in the lower portion of the solution was collected and diluted with the buffer C containing 0.25 m sorbitol. After centrifugation at 150 000 g for 30 min, the membrane vesicles were resuspended in buffer A.
Assay of marker enzymes
The activity of NADPH-cytochrome c reductase was measured as described previously [27] . Activities of ATP-dependent and PP i -dependent proton transport in membrane vesicles were measured as described previously [ In some cases, inhibitors were added to the reaction medium. To prepare stock solutions, CCCP, A23187 and bafilomycin A 1 were dissolved in dimethyl sulfoxide and the other inhibitors were dissolved in water. The solvent concentration in the assay medium was less than 1% (by volume).
Preparation of antibodies and immunoblotting
To prepare peptide antibodies specific for the Ca 2+ /H + antiporter, two peptides were synthesized. The peptides, SHQHEPWLLENG and QLWTHRQLFEAEDED, correspond to the N-terminal and central acidic regions of the mung bean Ca 2+ /H + antiporter, respectively. Antibodies were raised in rabbits by injection of the peptides conjugated to keyhole limpet hemocyanin. Polyclonal antibodies specific to the catalytic domain of mung bean V-PPase [29] were also used. An antibody to the purified maize plasma membrane H + -ATPase was kindly provided by Dr T. Sugiyama (Nagoya University). SDS/PAGE was performed in 12% gels. Immunostaining was carried out with a poly (vinylidene difluoride) membrane using standard procedures [29] . Goat anti-(rabbit IgG) or protein A conjugated with horseradish peroxidase was used as the second antibody. The antigens on a membrane were detected with a ECL Western blotting detection kit (Amersham). H -CTCCAGCA-TGTTCAGCTGCATT-3 H ). Phage DNA isolated from a cDNA library was used as the template. A 700-bp fragment was obtained by PCR with a pair of primers. The cDNA fragment was used for hybridization screening. Labeling of DNA with [
32 P] and cDNA screening were carried out as described previously [30] . Sequence analysis was performed using the dideoxy chain-termination method with a Thermo sequenase cycle sequencing kit (Amersham). The sequences were aligned using the dnasis program of the Hitachi 
Production of recombinant protein in Escherichia coli
To produce a recombinant protein in E. coli, the cDNA of the mung bean Ca 2+ /H + antiporter (VCAX1) was ligated into the NdeI/XhoI site of pET23(b) expression vector (Novagen). The recombinant plasmid was introduced into E. coli BL21(DE3)pLysS (Novagen), and production of the recombinant protein was induced by the addition of 0.4 mm isopropyl thio-b-d-galactoside (IPTG) to the culture medium at 30 8C. A cell extract was prepared from the transformed E. coli and analyzed by SDS/PAGE and immunoblotting.
RESULTS
Total activity of Ca 2+ transport in vacuolar membrane vesicles
The absence of marker enzyme activities, such as NADPHcytochrome c reductase, indicated the purity of vacuolar membranes. Furthermore, as shown in Fig. 1 (Fig. 2B) . Thus, the assay conditions were suitable for determining the kinetics of active transport of Ca 2+ into the vesicles. In subsequent analyses, the assay of Ca 2+ uptake was run at 100 mm Ca 2+ and for 2 min to determine initial rates.
As shown in Fig. 3 , a protonophore CCCP at 5 mm inhibited the Ca 2+ uptake activity by 50%, and bafilomycin A 1 , an inhibitor of V-ATPase [32], inhibited uptake activity to 30% at 0.1 mm. Purified V-ATPase from mung bean was completely inhibited by 0.1 mm bafilomycin A 1 (data not shown). Therefore, activity insensitive to CCCP or bafilomycin A 1 may reflect activity driven by Ca 2+ -ATPase. In this study, the bafilomycin A 1 -insensitive activity was determined as the Ca 2+ -ATPase.
Ca 2+ /H + antiporter activity
Vacuolar membranes from mung bean hypocotyls showed high activity of V-PPase compared with V-ATPase (Fig. 4A) . The membrane vesicles were acidified by V-PPase and then the DpH-dependent Ca 2+ uptake activity was determined. Preincubation of vesicles with 1 mm PP i for 3 min resulted in maximal activity of the Ca 2+ /H + antiporter (Fig. 4B ). As shown in Fig. 5A , the Ca 2+ /H + antiporter was inhibited to less than 10% by 5 mm CCCP and 5 mm A23187, and was not affected by q FEBS 1999 0.1 mm bafilomycin A 1 or 0.1 mm vanadate. These findings confirm that the antiport was coupled with DpH of membrane vesicles. The Ca 2+ uptake activity determined after preincubation with 1 mm PP i for 3 min was defined as the Ca 2+ /H + antiporter activity.
Activity of Ca
2+ -ATPase
The Ca 2+ uptake activity of Ca 2+ -ATPase was determined in the presence of ATP and bafilomycin A 1 . The Ca 2+ gradient formed in membrane vesicles was abolished by A23187 (Fig. 5B) . Ca 2+ -ATPase activity was decreased to 30% by 1 mm vanadate, and this is consistent with the concept that vacuolar Ca 2+ -ATPase is a P-type ATPase [8] . The metal ions Cd 2+ and Co 2+ apparently inhibited Ca 2+ -ATPase by more than 70%, although La 3+ , Sr 2+ and Mn 2+ had no effect on the enzyme (data not shown). These two cations may compete with Ca 2+ as the substrate or may inhibit the enzyme directly.
The sensitivity of Ca 2+ -ATPase in the ER, PM and vacuolar membranes to some inhibitors of Ca 2+ -ATPase was also examined. Ca 2+ -ATPase in all three membrane preparations was commonly inhibited by erythrosin B and vanadate. Ca 2+ -ATPase in the isolated vacuolar membranes was partially inhibited by 10 mm thapsigargin but not by cyclopiazonic acid (10 mm). Cyclopiazonic acid and thapsigargin are specific inhibitors of animal SER Ca 2+ -ATPase, and erythrosin B is a wide-spectrum inhibitor of ATPases. Calmodulin enhanced Ca 2+ -ATPase activity in vacuolar membranes by 55%. As shown in Table 1 , the specific activities of Ca 2+ -ATPase on the basis of membrane protein in the ER and vacuolar membrane fractions were higher than that in the PM fraction. The activity of the ER marker enzyme, NADPH-cytochrome c reductase, was scarcely detected in vacuolar membranes. The result, together with the immunoblots (Fig. 1) , suggests that the vacuolar membrane fraction was not contaminated with the PM or ER. Fig. 6 . The twophase curve shown in Fig. 2 (Fig. 7B ). There is a hydrophilic, acidic-residue-rich region between the sixth and seventh transmembrane domains (residues 256±270). The central acidic motif is common among the antiporters of S. cerevisiae and A. thaliana, although the detailed amino acid sequences are not conserved among Ca 2+ /H + antiporters. In addition to the enzymes from yeast and plants, the primary sequences of Ca 2+ /H + antiporter-homologous proteins of Neurospora crassa (cax), cyanobacterium Synecocystis sp. PCC6803 (slr1336) and Bacillus subtilis (yfkE) were available. Seven sequences (VCAX1p, CAX1p, CAX2p, cax, VCX1p, slr1336p, yfkEp) were only 14% identical (61 residues). Among these polypeptides, three motifs GGLxxATxGNxxELIxxxxAL (residues 124±144), GSxxxNxLLLVxGxxxxxGG (residues 158±176) and FxxxIxxxIxGNAAEHxxxxxxAxKxKxD (residues 314±342) were conserved (Fig. 7A) .
Comparison of kinetics between
Furthermore, genomic Southern analysis using a fragment of VCAX1 as a DNA probe revealed that VCAX1 was present as a single copy in the mung bean genome (data not shown).
Immunological detection of the Ca 2+ /H + antiporter
We prepared an antibody against a peptide corresponding to the acid motif (EAEDEDEDDNNGSDE) of mung bean Ca 2+ /H + antiporter. The antibody reacted with a 42-kDa protein in the vacuolar membrane of mung bean (Fig. 8C) . When VCAX1 was expressed heterogeneously in E. coli, the cell extract gave a clear band in an immunoblot with the peptide antibody and 25 mm, respectively. (Fig. 8B) . The antibody did not react with any proteins in the extract from the control culture. Furthermore, the corresponding authentic peptide completely inhibited the immunological reaction (Fig. 8B) , indicating the specificity of the antibodies. The size of the immunostained band was smaller than the relative molecular mass (M r = 48 040) calculated from the deduced sequence. A similar difference in molecular size between that estimated by SDS/PAGE and that calculated from cDNA was observed in the case of S. cerevisiae [22] . Many hydrophobic proteins, such as V-PPase and aquaporins, tend to migrate rapidly in SDS/ PAGE. Hydrophobic amino acids (260 residues) accounted for <59% of the total 444 residues of VCAX1p. We must note that there is no difference in molecular size of the immunoreactive bands between the E. coli extract and the isolated vacuolar membrane. This suggests that there is no proteolytic cleavage of the antiporter after translation in mung bean cells. Another antibody was prepared against the 11 aminoacid peptide corresponding to the N-terminal part of VCAX1p (SHQHEPWLLENG). The antibody also reacted with a 42-kDa polypeptide in the extract of E. coli that was introduced by VCAX1p (Fig. 8A) . The result indicates that VCAX1p is translated from the first Met not from the 23rd Met.
DISCUSSION
In this study, we determined the activities of Ca 2+ -ATPase and the Ca 2+ /H + antiporter in the same preparation of vacuolar membranes and demonstrated the presence of the antiporter by immunoblotting. Our assay conditions are suitable for determining the activities of Ca 2+ uptake into vacuolar membrane vesicles by Ca 2+ -ATPase and the Ca 2+ /H + antiporter, separately. The ATP-dependent (bafilomycin A 1 -insensitive) Ca 2+ uptake activity in the vacuolar membrane vesicles was determined to be the Ca 2+ -ATPase activity, and the PP i -dependent Ca 2+ uptake activity was determined to be the Ca 2+ /H + antiporter activity.
The sensitivity of the transporters to several inhibitors, such as CCCP and A23187, verified the reliability of the assay procedure used in this study.
Vacuolar Ca
2+ -ATPase
From biochemical properties, but not intracellular localization, Hwang et al. distinguished between the ER-type Ca 2+ -ATPase and the PM-type Ca 2+ -ATPase [18] . Specifically, the PM-type Ca 2+ -ATPase, which is located in the ER, vacuoles, secretary vesicles and PM, is activated twofold to fourfold by calmodulin and can utilize GTP rather than ATP. The ER-type Ca 2+ -ATPase is inhibited by cyclopiazonic acid and hydrolyses only ATP [18] . The ATP-dependent, bafilomycin A 1 -insensitive Ca 2+ uptake activity in mung bean vacuolar membrane vesicles was partially inhibited by both cyclopiazonic acid and thapsigargin, which are inhibitors of SER Ca 2+ -ATPase. Ca 2+ -ATPase used only ATP and not GTP as the substrate. Together, these properties suggest that the vacuolar Ca 2+ -ATPase of mung bean may be an ER-type Ca 2+ -ATPase in the level of enzymatic activity. However, the activity in the membrane was activated slightly by calmodulin, suggesting the presence of a PM-type enzyme. From the enzymatic properties, we were not able to conclude whether mung bean vacuolar membranes contain only ER-type Ca 2+ -ATPase or both types of Ca 2+ -ATPase.
The mung bean Ca 2+ /H + antiporter consists of 444 amino acids with 11 transmembrane domains (Fig. 7) . Its primary sequence was 37 and 70% identical to S. . Probably, the central acidic region that is common among a family of Ca 2+ /H + antiporters may participate in the selectivity and specificity of the substrate ion. Ion specificity remained undetermined directly for VCAX1p, but, DpH-dependent Na + uptake activity was negligible in the vacuolar membranes used in this study.
From the comparison of the primary sequences (Fig. 7A) , we found that 34 of 61 identical residues were clustered in the three regions (residues 124±144, 158±176 and 314±342) that correspond to the transmembrane domains M3, M4 and M8. Assuming that the N-terminal region of VCAX1 is exposed to the cytosol, we estimated that between two and five identical residues in each part are exposed to the cytosol. Thus, these three parts of the antiporter may play a critical role in the recognition, binding and translocation of Ca 2+ and H + together with the acidic region.
The present study demonstrated the existence of a Ca 2+ /H + antiporter in the vacuolar membrane by immunoblotting with antibodies against peptides corresponding to the N-terminal and central acidic regions of mung bean VCAX1p (Fig. 8 ).
In conclusion, we propose that VCAX1p is the main Ca 2+ /H + antiporter in the vacuolar membrane. In addition to the immunochemical detection of the antiporter in the membrane, the K m and V max values determined for mung bean vacuolar 
